A method for determination of PGE-Re concentrations and Os isotopic compositions in environmental materials by Zhao, Peipei et al.
Analytical
Methods
PAPER
Pu
bl
ish
ed
 o
n 
27
 M
ay
 2
01
4.
 D
ow
nl
oa
de
d 
on
 0
7/
12
/2
01
4 
07
:0
3:
50
. 
View Article Online
View Journal  | View IssueaState Key Laboratory of Isotope Geochemist
Chinese Academy of Sciences, Guangzhou 51
+86 2085290130; Tel: +86 2085290119
bUniversity of Chinese Academy of Sciences,
cKey Laboratory of Marginal Sea Geology, S
Chinese Academy of Sciences, Guangzhou 51
Cite this: Anal. Methods, 2014, 6, 5537
Received 19th November 2013
Accepted 24th May 2014
DOI: 10.1039/c3ay42064g
www.rsc.org/methods
This journal is © The Royal Society of CA method for determination of PGE–Re
concentrations and Os isotopic compositions in
environmental materials
Peipei Zhao,ab Jie Li,*a Lifeng Zhong,c Shengling Suna and Jifeng Xua
Automobile catalyst emissions not only result in increasing environmental concentrations of Pt, Pd, and Rh,
but also Os, Ir, and Ru. Little is known about the behavior of platinum-group elements (PGE) and Re in the
environment and their potential risk to humans and, as such, the monitoring of Os, Ir, Ru, and Re
concentrations in environmental samples is necessary. We present an improved procedure for
determination of PGE–Re concentrations and 187Os/188Os ratios of the environmental reference material
BCR-723 by isotope dilution inductively coupled plasma mass spectrometry (ID-ICP-MS) and negative
thermal ionization mass spectrometry (N-TIMS), respectively. The sample is digested with inverse aqua
regia in a Carius tube. After Os separation by CCl4 solvent extraction, separation and puriﬁcation of PGE
and Re from sample matrix elements is sequentially performed by a two-stage tandem column setup
using cation exchange and N-benzoyl-N-phenylhydroxylamine (BPHA) extraction resin. Elution of
0.1 mol L1 HCl eﬃciently removes interfering elements such as Zr, Hf, Mo, and Cd in the ﬁnal puriﬁed
sample prior to ID-ICP-MS determination of PGE and Re. Analyses of BCR-723 yield reproducible results
and well-deﬁned average Pt, Pd, Os, Ir, Ru, and Re concentrations of 79.8  6.0, 4.6  0.8, 0.37  0.04,
0.23  0.12, 1.1  0.3, and 6.5  0.1 ng g1, respectively (95% conﬁdence level; n ¼ 10). The 187Os/188Os
ratio of this standard was determined to be 0.537  0.022 (95% conﬁdence level; n ¼ 10). These are the
ﬁrst comprehensive PGE and Re concentrations and Os isotopic compositions reported for BCR-723 and
provide a well-characterized standard for assessing the data quality of autocatalyst PGE measurements
and related research on environmental materials. The method was successfully employed in the
determination of PGE and Re concentrations and Os isotopic compositions in urban road dust samples.Introduction
The automotive industry has a signicant impact on the urban
environment. Catalytic converters have been widely used in
vehicles to control exhaust emissions. Modern vehicle emission
converters generally use platinum group elements (PGE) and, in
particular, Pt, Pd, and Rh as active catalysts.1–3 These catalytic
converters contain 1–3 g of precious metals, depending on the
size of the vehicle engine.4 Although the application of catalytic
converters in the automotive industry has greatly reduced the
emission of greenhouse gases, it has led to increased emission
of PGE to the environment. The presence of PGE in environ-
mental matrices may aﬀect human health and living organisms
and, therefore, investigations and developing an understanding
of PGE contents in the environment are necessary. Previousry, Guangzhou Institute of Geochemistry,
0640, China. E-mail: jieli@gig.ac.cn; Fax:
Beijing 100049, China
outh China Sea Institute of Oceanology,
0301, China
hemistry 2014studies have shown that PGE concentrations in urban sites are
rapidly increasing as compared with natural values,5,6 and that
this trend is related to automotive catalysts.7–9
Concentrations of PGE in environmental samples can be
used to monitor accumulation, whereas elemental ratios can
indicate to some degree the PGE source(s) when compared with
estimated ratios in catalytic converters.10,11 Ruthenium, Ir, and
Os are considered to be present as catalytic components or
impurities and are released along with other PGE. While these
elements can also trace PGE sources, only limited data have been
reported for these elements.5,10,12–15 The radioactive b-decay of
187Re (half-life ¼ 41.6 Gyr) results in the production of 187Os.
Therefore, the Os isotopic composition of a sample (187Os/188Os)
depends on its Re/Os ratio and age. The continental crust has
extremely low Os concentrations of a few pg g1 and high
187Os/188Os ratios of ca. 1.69.16 Commercial Os is mined from
mantle-derived PGE deposits with high Os concentrations and
low (i.e., unradiogenic) 187Os/188Os ratios as compared with
those of the average continental crust.17 A recent study on sedi-
ments from Massachusetts Bay, Cape Cod Bay, and Boston
Harbor (all USA) reported background Os concentrations in the
range of 22–108 pg g1 and 187Os/188Os ratios of 0.972–1.093,Anal. Methods, 2014, 6, 5537–5545 | 5537
Fig. 1 Road dust sampling sites with their corresponding average daily
traﬃc in the brackets. Revised from the study of Zhong et al.29
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View Article Onlinewhereas contaminated sediments from Boston Harbor have an
Os concentration of 286 pg g1 and a 187Os/188Os ratio of 0.354.18
High Os concentrations and low 187Os/188Os ratios identify an
anthropogenic input and thus can be used to trace the PGE
source(s).12,16,19–22 The monitoring of Re will be especially
important since to date virtually nothing is known about its
behavior in the environment and its risk for humans.
With recent advances in our understanding of PGE in the
environment, it is recognized that the precise and accurate
measurement of PGE is challenging due to their ultra-low
concentrations and numerous analytical interferents,5,6,23,24
which can comprise data quality, particularly in the case of Pd
and Pt.6,25–27 Thus, PGE analytical methods must be thoroughly
validated. An important advance in the measurement of PGE in
solid environmental matrices occurred with the certication of
BCR-723. This reference material has played a key role in
enhancing the quality of PGE measurements in complex envi-
ronmental samples, even prior to its nal certication in 2002.
However, except Pt, Pd and Rh, only limited data have been
reported for Ir, Os and Re concentrations and Os isotopic
compositions for environmental reference material BCR-723.
Recently, we developed a procedure for determination of
PGE–Re concentrations and Os isotopes in geological samples
by isotope dilution inductively coupled plasma mass spec-
trometry (ID-ICP-MS) and negative thermal ionization mass
spectrometry (N-TIMS), respectively.28 Given that the concen-
trations of interfering elements such as Zr and Hf and, in
particular, Mo and Cd, in environmental samples are much
higher than in geological samples, previous determination
methods of PGE concentrations in environmental samples have
been limited. However, using our new method, we present here
a routine procedure for accurate and precise determination of
Os isotopic compositions and PGE–Re concentrations in the
environmental reference material BCR-723. The objective of our
investigation was to characterize this standard, so that it can be
used in assessing data quality in studies of autocatalyst-asso-
ciated PGE emissions in environmental monitoring programs.
The proposed method was applied to determine PGE–Re
concentrations and Os isotope ratios of road dust samples
which were collected from diﬀerent sites in the metropolitan
area of Guangzhou, China.Experimental procedures
Sample collection
Five samples of road dust were collected from diﬀerent sites in
the metropolitan area of Guangzhou, China. All samples were
collected along the curb in streets with various traﬃc volumes
using a dust collector. The sampling area is 0.5–2 m2. Sample
locations are shown in Fig. 1. The collected samples were dried
at 60 C for a day and sieved to less than 0.075 mm particle size
fraction for analysis.Preparation of reagents and materials
Acid reagents (HNO3, HBr, and HCl) were puried by DST-1000
sub-boiling stills (Savillex Corporation, USA). HNO3 used for5538 | Anal. Methods, 2014, 6, 5537–5545sample digestions was vigorously bubbled before distilling in
order to remove volatile OsO4. Ultrapure CCl4 (HPLC grade,
Tianjin, China) and HF were used without further purication.
Water from aMillipore purication system (>18.2 MU) was used
for acid dilutions and washing labware. 194Pt, 105Pd, 99Ru, 191Ir,
185Re, and 190Os spikes were prepared from digestion of the
metal provided by Oak Ridge National Laboratory, USA. All
labware such as Carius tubes (76 mL interior volume; 220 
25 mm) and PFA vials was immersed and soaked in aqua regia
(50%, v/v), heated at 350 C for 6 h, and then cleaned with
Millipore water and dried. PFA vials were also cleaned with
concentrated HBr to reduce the Os blanks to low levels.28
The cation exchange resin used was AG50W-X8 (200–400
mesh and H+ form; Bio-Rad Laboratories Inc., USA). Before use,
the resin was washed with HCl (50%, v/v) and Millipore water
several times, and then stored in 6 mol L1 HCl. Cation
exchange columns (15  120 mm Econo-Pac columns; Bio-Rad
Laboratories Inc., USA) were loaded with resin to a height of
110 mm. The column was then cleaned and preconditioned
with 90 mL of 6 mol L1 HCl and 90 mL of 0.1 mol L1 HCl at
which point it was ready for sample loading. For preparation of
the N-benzoyl-N-phenylhydroxylamine (BPHA) resin columns,
we modied the procedures described by Yang and Pin30 and Li
et al.28 for loading BPHA onto Amberchrom CG-71 resin. Five
grams of Amberchrom CG-71 resin was impregnated with 40mL
of 3% BPHA solution in ethanol rather than chloroform. The
mixture was shaken at room temperature (25 C) for 2 h to
ensure complete resin saturation by BPHA, hereaer referred to
as BPHA resin. Approximately 1 mL of BPHA resin (ca. 0.5 g dry
weight) was packed in a Poly-Prep column (8  40 mm; Bio-Rad
Laboratories Inc., USA). The column was sequentially rinsed
with 10 mL of 6 mol L1 HF and 10 mL of Millipore water and
then equilibrated with 10 mL of 0.1 mol L1 HCl. Prior to
sample loading, the cation exchange columns were placed
above the BPHA columns using specially designed plastic
brackets so that the sample solution loaded on the upperThis journal is © The Royal Society of Chemistry 2014
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View Article Onlinecolumn passes through the cation resin and then onto the
BPHA column.
Chemical separation
A schematic diagram for determination of PGE–Re concentra-
tions and Os isotope ratios is shown in Fig. 2. Approximately
0.2–0.5 g of sample powder and an appropriate amount of spike
were digested in a Carius tube with inverse aqua regia (2 mL of
concentrated HCl and 6 mL of concentrated HNO3).31 The
Carius tube was sealed and heated at 220 C for 24 h. Osmium
was separated with CCl4 by solvent extraction, followed by HBr
back-extraction and purication by microdistillation.32–34
Aer Os had been separated, the remaining PGE- and Re-
containing solution was dried down. Following this, 1 mL ofFig. 2 Schematic ﬂow diagram showing the methodology for deter-
mination of PGE–Re concentrations and Os isotope ratios developed
in this study.
This journal is © The Royal Society of Chemistry 20146 mol L1 HCl was added and completely evaporated. The
residue was then redissolved in 0.5 mL of 1 mol L1 HCl and
diluted to 0.1 mol L1 HCl by addition of 4.5 mL of Millipore
water. At this point, the solution was ready for chromatographic
separation.
5 mL of sample solution was loaded onto the column and a
further six aliquots of 5 mL of 0.1 mol L1 HCl were added and
collected onto the BPHA column. The nally collected PGE–Re-
bearing fraction was evaporated and then diluted with 2 mL of
2% HNO3. This diluted solution was used for Pt, Pd, Ru, Ir, and
Re analyses by ID-ICP-MS.Isotope measurements
An ICP-MS (Thermo-Scientic Xseries-2) was used for isotope
dilution analysis of Pt, Pd, Ir, Ru and Re. A standard low-volume
quartz impact bead spray chamber with a Peltier cooler (3 C)
and a 0.4 mL min1 borosilicate nebulizer (MicroMist GE) was
used in the determination. Ion lens settings, nebulizer gas ow
rate, and torch position were optimized daily using a 10 ng g1
tuning In–Ce standard solution in order to obtain high instru-
mental sensitivity and low oxide production levels. A typical
sensitivity of about 7  104 cps ng1 for 115In count rate and an
oxide production rate of approximately 1.2% for the CeO+/Ce+
ratio were eventually obtained. We did not use a peristaltic
pump, as free aspiration of the nebulizer provided better signal
stability.
Although interference should be reduced to insignicant
levels by the chemical separation procedures, 95Mo+ and 111Cd+
were monitored to ensure correction on 100Ru+ and 108Pd+
signals were unnecessary. Similarly, 189Os+ was monitored to
correct 187Re+. However, the 189Os+ signal was typically very
small, and considering the large variation of 187Os/189Os ratios
of natural samples, no correction was necessary for this
potential interference. Scanning was generally performed 9
times. The instrumentation and operating conditions are
shown in Table 1. The masses monitored during mass spec-
trometry and possible isobaric interferents are listed in Table 2.
The sampling cone and skimmer cone were carefully washed
with mild detergent and Millipore water. Before use, the
nebulizer, spray chamber, torch and cones were immersed and
soaked in 6 mol L1 HNO3, heated at 120 C for 6 h, and then
cleaned with Millipore water and dried. The instrument back-
ground was monitored by measuring the signals of Pt, Pd, Ir,
Ru, and Re in a 2% HNO3 rinse solution and was routinely
<5 cps. An instrumental mass bias correction was carried out by
the standard–sample bracketing method using a 2 ng g1
synthetic of PGE–Re standard solution during the determina-
tion of PGE–Re concentrations. The measured PGE–Re isotopic
ratios for the sample–spike mixtures were corrected using
normalizing factors calculated from the average measured
ratios on the bracketed standards as compared with the “true”
IUPAC ratios.35 Variations in these correction factors were found
to be ca. 2% between the results of the initial and nal standard
runs. The precisions of the isotopic ratios for PGE–Re standard
solutions were generally better than 1% (RSD, relative standard
deviation). Isotope dilution (ID) calculations were performedAnal. Methods, 2014, 6, 5537–5545 | 5539
Table 1 ICP-MS and TIMS operating conditions
XSeries 2 ICP-MS Parameters Triton TIMS Parameters
Forward power 1400 W Filament Platinum, 99.999%
Spray chamber Peltier, cooled to 3 C Outgas 4 A, 3 min
Ar cooling gas ow rate 13 L min1 Loaded solution HBr
Ar auxiliary gas ow rate 0.8 L min1 Emitter solution Ba(NO)2
Ar nebulizer gas ow rate 0.75 L min1 Ion mode Negative
Nebulizer pressure 1.5 bar Detector SEM
Analyzer pressure 3.2  107 mbar HV source pressure 3  107 mbar
Expansion pressure 2.0 mbar Acquisition mode Peak jumping
Ni sampling cone orice 1.0 mm Cycle 50
Ni skimmer cone orice 0.7 mm Monitor masses 233(185Re16O3)
Solution uptake 0.4 mL min1 235(187Os16O3)
Acquisition mode Peak jumping 236(188Os16O3)
Number of sweeps 200 237(189Os16O3)
Channel dwell time per sweep 10 ms 238(190Os16O3)
Channel per mass 1 240(192Os16O3)
Number of repeats 9
Table 2 The masses monitored during ICP-MS and possible isobaric
interference
Monitored isotopes
Interference
Isobaric Polyatomic
90Zr+
95Mo+
99Ru+
100Ru+ 100Mo+
101Ru+
105Pd+ 89Y16O+
106Pd+ 106Cd+ 90Zr16O+
108Pd+ 108Cd+ 92Zr16O+, 92Mo16O+
111Cd+ 95Mo16O+
178Hf+
185Re+ 169Tm16O+
187Re+ 187Os+ 171Yb16O+
189Os+ 173Yb16O+
191Ir+ 175Lu16O+
193Ir+ 177Hf16O+
194Pt+ 178Hf16O+
195Pt+ 179Hf16O+
200Hg+
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View Article Onlineoﬄine on a commercial spread sheet. The fundamental prin-
ciples of the IDmethod are described in diﬀerent textbooks.36 In
ID-ICP-MS analysis, we used the equation for calculating the
concentration in a sample:
Cs ¼ CspWsp
Ws
Aws
Awsp
Aasp
Abs
RM  Rsp
1 RMRs
where Cs is the unknown concentration of the element in the
sample (s) and Csp is the concentration of the element in the
spike (sp). Ws and Wsp are the weights taken from the sample
and spike respectively. Aws and Awsp are the elemental atomic
weights in the sample and spike, respectively. Aasp is the isotope5540 | Anal. Methods, 2014, 6, 5537–5545abundance (at%) of the reference isotope in the spike (isotope a)
and Abs is the isotope abundance of the reference isotope in the
sample (isotope b). RM and Rsp are the atomic ratios (isotope b/
isotope a) in the mixture and the spike, respectively and Rs is the
atomic ratio (isotope a/isotope b) in the sample.
Osmium isotope ratios were determined with a Thermo-
Finnigan Triton TIMS operated in the negative ion mode
(NTIMS). This instrument (Table 1) is equipped with nine
Faraday collectors and a secondary electron multiplier (SEM).
The ion optics used for the Os isotope measurements in this
study is a system dedicated to negative ion Os isotope analyses
and has never been exposed to Re or W laments. Samples were
loaded at ca. 0.9 A onto high purity Pt laments (99.999%, 1 mm
 0.025 mm, H. Cross Company) that had previously been
outgassed in air for 3 minutes at ca. 4 A. Rhenium and Os
blanks of the laments are typically <0.2 and <0.04 pg (1012 g),
respectively. Aer complete evaporation, the sample was
covered with 10 mg of Ba using a commercial standard solution
of Ba (NO3)2 (10 000 mg g
1; Claritas, SPEX).37High-purity O2 gas
was introduced into the ion source via a leak valve to maintain a
pressure of ca. 3  107 mbar. Osmium isotope ratios were
determined by peak jumping on masses 235, 236, 237, 238, and
240 of the molecular ion OsO3
. Mass 233 (corresponding to
185Re16O3
) was measured throughout each run to monitor and
correct for potential 187Re16O3
 interference on 187Os16O3

(mass 235). The data were corrected oﬄine to remove oxygen
and spike contributions.Results and discussion
Tandem column matrix and interference separation
Cation exchange separation methods have been widely used for
group separation of PGE and Re.24,26,38–40 The PGE tend to form
anionic chlorocomplexes while Re forms ReO4
 in 0.1–3.0 mol
L1 HCl media and they are not retained on cation resin
whereas most other metals are quantitatively adsorbed. PGEThis journal is © The Royal Society of Chemistry 2014
Fig. 3 Elution proﬁles of PGE–Re during a two-stage tandem column
setup using cation exchange and N-benzoyl-N-phenylhydroxylamine
(BPHA) extraction resin and elution of 0.1 mol L1 HCl.
Table 3 The recoveries of a synthetic solution including 10 ng g1
PGE–Re standard solution and 1 mg g1 potential interfering andmatrix
elements from the two-stage tandem column separation
Analyte
Before column
separation
Aer column
separation
Recovery
(%)
Ru 10 ng g1 8.77 ng g1 87.7
Pd 10 ng g1 9.43 ng g1 94.3
Re 10 ng g1 9.20 ng g1 92.0
Ir 10 ng g1 9.58 ng g1 95.8
Pt 10 ng g1 9.93 ng g1 99.3
Mo 1 mg g1 0.034 ng g1 0.0
Zr 1 mg g1 0.012 ng g1 0.0
Hf 1 mg g1 0.005 ng g1 0.0
W 1 mg g1 0.020 ng g1 0.0
Cd 1 mg g1 0.006 ng g1 0.0
Ti 1 mg g1 0.46 ng g1 0.0
Mn 1 mg g1 0.050 ng g1 0.0
Ni 1 mg g1 0.050 ng g1 0.0
Cu 1 mg g1 5.96 ng g1 0.6
Zn 1 mg g1 1.84 ng g1 0.2
Nb 1 mg g1 0.84 ng g1 0.1
Ta 1 mg g1 0.38 ng g1 0.0
Sn 1 mg g1 0.010 ng g1 0.0
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View Article Onlineyields from cation exchange columns are generally very high
(>95%).41 Although the cation exchange separation technique is
simple and has high PGE recovery, interference from Zr, Hf, Mo,
and Cd is sometimes unavoidable aer cation exchange sepa-
ration.34,40 Interference from 177,179Hf16O on 193Ir and 195Pt, and
from 106,108Cd, 90,92Zr16O, and 92Mo16O on 106,108Pd is particu-
larly problematic for ID-ICP-MS analysis. Although mathemat-
ical models can be used to correct for these types of spectral
interference, the robustness of these mathematical corrections
depends on the magnitude of the interference. Therefore, the
data accuracy may be compromised by several factors, such as
the concentration of PGE and interfering matrix elements in the
sample, instrumental design, and instrumental operating
conditions. For example, the Pd concentration of BCR-723 is 6
ng g1, whereas the concentrations of Mo and Cd are orders of
magnitude higher (40 and 2.5 mg g1, respectively).42 As such,
even aer sample dissolution, the interfering matrix elements
may be several orders of magnitude higher in concentration
than Pd. This very large contribution of 106,108Cd and 92Mo16O
interference on the 106,108Pd signal makes mathematical
corrections for these types of interference impractical. Conse-
quently, chemical separation of the interfering elements from
the PGE prior to the ID-ICP-MS measurement remains the most
robust way to ensure that the PGE data are accurate and precise.
In our previous study, we developed a two-stage column
method for PGE separation. The rst column used cation-
exchange resin (AG 50W-X8) to separate PGE and Re from the
matrix.28 The second column used N-benzoyl-N-phenyl-
hydroxylamine (BPHA) extraction resin to purify PGE and Re
from interfering elements (e.g., Mo, Zr, and Hf), given that
BPHA extraction resin strongly absorbs these interfering
elements but does not retain PGE or Re. Given that PGE–Re is
not extracted onto either cation exchange or BPHA extraction
resin, only matrix and interfering elements are removed from
the eluted solutions. Therefore, in this study, in order to
improve the sample throughput, a tandem column setup was
used with the eluent from the cation exchange column being
allowed to directly pass onto the BPHA extraction column.
A synthetic standard solution of PGE, Re, and interfering
elements (i.e., Zr, Mo, Hf, and Cd) was used to optimize each
stage of column purication. The solution was treated in the
same manner as for natural samples. It was found that eluting
the cation exchange column with 0.1 mol L1 HCl rather than
0.5 mol L1 HCl, as used previously, signicantly decreased the
Cd eluted from this column. This most likely reects enhanced
formation of the Cd hydrated cation that can be absorbed on
the cation exchange resin in a lower molarity of HCl (0.1 mol
L1). The elution proles and chemical yields for our tandem
column separation procedure using 0.1 mol L1 HCl as the
eluent are shown in Fig. 3 and Table 3. Fig. 3 shows that the
PGE–Re is quantitatively eluted in the rst 30 mL of 0.1 mol L1
of HCl and that there is no measurable interference (Table 3).
To evaluate the performance of the tandem column separation,
two aliquots of ca. 0.3 g of BCR-723 powder were digested and
processed as described above. The digested aliquots were diluted
with 0.1 and 0.5mol L1 HCl, loaded on the tandem columns, and
then eluted with 0.1 and 0.5 mol L1 HCl, respectively. AsThis journal is © The Royal Society of Chemistry 2014expected, Zr, Hf, andMo interferents were eﬀectively removedwith
both 0.1 and 0.5 mol L1 HCl. However, separation of Cd was
unsuccessful in 0.5 mol L1 HCl, with the 111Cd signal being
several orders of magnitude higher than that obtained using 0.1
mol L1 HCl. Although the 111Cdmass wasmonitored for possible
Cd interference correction on 106Pd and 108Pd, large contributions
of 106Cd and 108Cd interference on the 106Pd and 108Pd signals
makemathematical corrections for Cd interference impossible. As
such, 0.1 mol L1 HCl was used as an eluent to eﬀectively separate
Cd from the PGE during the column separation.
Results for the PGE reference material BCR-723
Using our analytical techniques, we determined the PGE–Re
concentrations and Os isotopic compositions of the PGEAnal. Methods, 2014, 6, 5537–5545 | 5541
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View Article Onlinecertied reference material BCR-723, which is road dust
collected in Tanzenberg Channel, Austria.42 This catalyst-asso-
ciated PGE certied reference material is widely used in
analytical laboratories examining various environmental mate-
rials (road dust, soil, sediment, and airborne particulate
matter). The PGE–Re concentration and 187Os/188Os ratio
results of 10 independent digestions for BCR-723, along with
reference literature values and total procedural blanks are
shown in Table 4. Our mean Pt and Pd concentration data for
BCR-723 agree within analytical uncertainties with the certied
values and previously published data, but are much lower than
the NiS re assay ICP-MS data reported by Rauch et al.5 This
might be due to the higher total procedural blank of the NiS re
assay method and the relatively small sample mass (0.2 g) thatTable 4 Replicate determination of PGE–Re concentrations (ng g1) an
BCR-723, along with previously published literature dataa
No. Methods Sample size (g) Os
1 0.4448 0.38
2 0.4082 0.40
3 0.4106 0.38
4 0.3069 0.39
5 0.3104 0.39
6 0.3039 0.38
7 0.3026 0.35
8 0.3035 0.35
9 0.3069 0.37
10 0.3104 0.35
Mean Carius tube + ICP-MS +
N-TIMS
0.3408 0.37
RSD (n ¼ 10) 5.3%
TPB 0.00019
Certied value42
RSD
Meisel et al.39 Carius tube + ICP-MS 0.5 0.46
RSD (n ¼ 5) 2%
Rauch et al.5 Fire assay + ICP-SFMS 0.2 1.2
Rauch et al.21 Microwave digestion
+ ICP-QMS
0.10–0.25
Qi et al.14 Carius tube + ICP-MS 0.5 0.55
a Uncertainties on 187Os/188Os isotope ratios are quoted as 2SE (standard
deviations.
Table 5 Determination of PGE–Re concentrations (ng g1) and Os isot
Chinaa
Sample no. Os 187Os/188Os 2SE
Natural background43 0.05 — —
YCEHL 0.0750 0.9982 0.002
HBGC 0.0751 1.1219 0.003
NHS 0.0762 0.8255 0.004
JDXM 0.0695 1.2272 0.003
DHS 0.0546 1.2099 0.004
a Uncertainties on 187Os/188Os isotope ratios are quoted as 2SE (standard
5542 | Anal. Methods, 2014, 6, 5537–5545was used. Although few previously published data points have
been reported for Ru, Ir, and Re concentrations, our results are
in agreement with those reported by Qi et al.14 andMeisel et al.39
Our average Os concentration (0.37 versus 1.2 ng g1) is
much lower and the 187Os/188Os ratio (0.5370 versus 0.2707) is
much higher than those reported by Rauch et al.5 Considering
the higher total procedural blank of their re assay method and
the analytical diﬃculties of measuring low Os concentrations by
ICP-MS, our 187Os/188Os ratio and Os concentration measure-
ments appear to be superior due to analysis by the low proce-
dural blank and less interference method.
Based on our 10 replicate digestions and measurements of
PGE–Re concentrations and 187Os/188Os ratios, the BCR-723
reference material appears to be homogeneous at a samplingd 187Os/188Os isotopic ratios for the road dust PGE reference material
187Os/188Os 2SE Pt Pd Ru Ir Re
0.5464 0.0009 77.5 4.44 1.00 0.19 6.47
0.5364 0.0010 76.9 4.85 1.29 0.37 6.46
0.5441 0.0013 82.4 4.51 1.19 0.22 6.52
0.5363 0.0015 79.3 5.03 1.00 0.18 6.46
0.5289 0.0006 80.4 4.53 0.90 0.28 6.41
0.5552 0.0007 79.3 4.79 1.05 0.19 6.42
0.5347 0.0015 74.8 3.62 1.16 0.18 6.51
0.5361 0.0013 85.2 4.36 1.23 0.19 6.64
0.5132 0.0014 82.2 4.60 1.02 0.23 6.59
0.5386 0.0018 80.5 4.92 1.16 0.22 6.48
0.5370 79.8 4.57 1.10 0.22 6.51
2.1% 3.8% 8.7% 11.2% 26.4% 1.1%
0.032 0.0076 0.0070 0.0035 0.0081
81.3 6.0
4.1% 30%
82.4 4.52 0.85 0.53 6.65
1.2% 5% 34% 110% 1.3%
0.2707 97 6.7
79.6 3.7
79.9 5.31 1.17 0.28
error), n ¼ 50. TPB ¼ total procedural blank. RSD ¼ relative standard
opic compositions for road dust samples collected from Guangzhou,
Pt Pd Ru Ir Re
0.4 0.4 0.1 0.05 0.4
5 23.0 66.7 0.35 0.14 0.57
1 39.8 31.2 0.21 0.18 1.40
6 82.4 260.7 0.30 0.28 0.96
3 84.2 217.6 0.63 1.01 1.17
2 78.1 174.5 0.29 0.45 0.76
error), n ¼ 50.
This journal is © The Royal Society of Chemistry 2014
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View Article Onlinesize of 0.5 g and is a suitable referencematerial for PGE analyses
of various environmental samples.
Applications of the method
We applied the proposed method to road dust samples, which
were collected in Guangzhou on diﬀerent roads, China (Fig. 1).
The PGE–Re concentrations and Os isotopic compositionFig. 4 Correlation of Pd, Ir, Ru, and Pt for road dust samples collected
from Guangzhou, China. GZD, HKD, and SZD representative road dust
samples collected from Guangzhou, Shenzhen and Hong Kong,
respectively;14 GZS representative soil samples collected from
Guangzhou.14
Fig. 5 Correlation of Os isotope concentrations and Os isotopic
compositions for road dust samples from Guangzhou, China. GZD,
HKD, and SZD representative road dust samples collected from
Guangzhou, Shenzhen and Hong Kong, respectively;14 GZS repre-
sentative roadside soil samples collected from Guangzhou.14
This journal is © The Royal Society of Chemistry 2014results are shown in Table 5. The results show that PGE and Re
in these road dust samples are signicantly accumulated and
exceed natural background values (Table 5). The concentrations
of the classical catalytic converter metals—Pd and Pt—ranged
from 23.0 to 84.2 ng g1 and 31.2 to 260.7 ng g1, respectively.
These results are higher than those in Guangzhou roadside soil
(ranged from 1.62 to 27.1 ng g1 for Pt and from 3.24 to 41.1 ng
g1 for Pd,14 Fig. 4a), and similar to those in road dusts of other
cities in China9,14 and other countries.44 The relatively high
concentrations of Pd and Pt were found in NHS, JDXM, and DHS
road dust samples, and the sampling sites of these road dust
samples correspond to a large number of vehicles (Fig. 1).
Apparently, the results indicate that the PGE concentrations in
the road dust samples are directly inuenced by traﬃc condi-
tions. Signicant correlations between Pt, Pd, Ru and Ir
concentrations (Fig. 4) of our samples compared to those of
other road dust or road soil samples in China suggest a
common anthropogenic source for these elements. Automobile
catalytic converters are the only known source of road dust PGE
in the Guangzhou region.9,14,29 The Os concentrations in
Guangzhou road dust samples displayed a narrow range from
0.05 to 0.08 ng g1 (mean of 0.07 0.01 ng g1), and 187Os/188Os
ratios range from 0.82 to 1.23 (mean of 1.08  0.17). These
values are consistent with those in Guangzhou road dust
samples reported by Qi et al.14 (Fig. 5). The source of Os is
reected in its isotopic composition with crystal Os having a
high (i.e., radiogenic) 187Os/188Os of ca. 1.40,45 and commercial
Os having a relatively low 187Os/188Os of ca. 0.1 to 0.2.19 There-
fore, the isotopic composition of Os in road dust samples
indicates signicant anthropogenic and natural contributions.Conclusions
The use of automobile catalytic converters has led to an increase
of PGE concentrations in the environment and it is important toAnal. Methods, 2014, 6, 5537–5545 | 5543
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View Article Onlineinvestigate and monitor PGE concentrations in environmental
samples to assess the potential inuence of PGE on living
organisms and human health. The concentration and isotopic
composition of Os can also be used as a source tracer for PGE.
We have developed an accurate and precise method for the
determination of PGE–Re concentrations and Os isotopic
compositions in environmental samples. Eﬃcient separation
and purication of PGE from sample matrices and potential
interference was carried out by a two-stage tandem column
setup using cation exchange and BPHA extraction resin. High
precision PGE–Re concentrations and 187Os/188Os isotope ratios
obtained for the reference material BCR-723 and road dust
samples indicate that our method is suitable for monitoring
extremely low concentrations of autocatalyst-associated PGE
in environmental materials. These are the rst comprehensive
PGE–Re concentration and Os isotopic data reported for
BCR-723.
The proposed method was also applied in the analysis of
road dust samples which were collected in Guangzhou. All the
samples show that not only Pt and Pd but also Os, Ru, Ir and Re
signicantly exceed natural background values, and suggest a
contribution of these elements from an anthropogenic source.
The only source that could account for such extreme PGE
signals in Guangzhou is attrition of catalytic converters.Acknowledgements
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